Orientation of triphenylphosphine in octahedral [(CO) 4 
Introduction
The electronic structure of the metal-carbon bond in carbene complexes determines the reactivity of the complex [1]. Fischer carbene complexes feature strong π-acceptors ligands at the metal centre and are electrophilic at the carbene carbon atom [2] . Modification of the ligand sphere around the metal centre will alter the electronic properties of the complex and hence its reactivity. One of the applications of the Fischer carbenes is in the field of catalysis [3] . Fischer carbene complexes are known to transfer CR 2 moieties (R = H, alkyl, aryl, alkoxy, amino) in cyclopropanation and olefin metathesis reactions [4] . However, because they are coordinately and electronically saturated, these complexes do not normally initiate olefin metathesis. Only under thermal or photochemical activation, or in the presence of a cocatalyst can they can initiate a metathesis reaction.
Phosphines have many applications in organometallic chemistry, specifically as ligands in homogenous catalysts [5] . Combining phosphines and carbenes in one complex may lead to synergy regarding the catalytic properties, as was the result for reactions with electrophiles [6] and photocarbonylation reactions [7] . In phosphine-substituted Fischer carbene complexes, the phosphine group is often the most bulky part of the molecule. In the case of triphenylphosphine-containing complexes, the conformation of the phenyl rings often contributes to the bulkiness of the complex. The most bulky part of the molecule frequently determines the shape and reactivity of the complex [8] . Therefore, knowledge of the 4-cis and 6-trans) and the preferred orientation of triphenylphosphine in the complexes. In this study, we report the first structure of a trans-substituted phosphine carbene complex (6-trans).
Experimental

General
All reactions, unless otherwise noted, were performed under inert nitrogen or argon atmospheres using standard Schlenk techniques. All solvents were freshly distilled, dried, and collected under inert conditions, with the exception of toluene. Toluene was not dried but was used after nitrogen gas was bubbled through the solvent for 5−10 min. All other reagents were used directly. Column chromatography was carried out under inert nitrogen and argon atmospheres at -10°C using silica gel (particle size 0.063−0.200 mm) as the stationary phase.
All percentage yields were calculated relative to the limiting reactant. All crystallizations were done using hexane/DCM diffusion methods. The reagents Cr(CO) 6 , Mo(CO) 6 , W(CO) 6 , butyllithium (1.6 M solution in hexane), furan, PPh 3 and other commercial reagents were used as purchased. NMR spectra were recorded on a Bruker ARX-300, Bruker Ultra Shield 400 Plus AVANCE III, and Bruker AVANCE 500 instruments. NMR spectra were recorded in CDCl 3 , CD 2 Cl 2 , or CD 3 CN using deuterated solvent peaks as the internal references. IR spectra were recorded on a Perkin-Elmer Spectrum RXI FT-IR spectrophotometer. All spectra were recorded as KBr pellets, and only the vibration bands in the carbonyl stretching region (ca. 1500−2200 cm −1 ) are reported. Mass spectra were recorded on a SYNAPT G2
HDMS instrument with the TOF-MS method with a sampling time of 4 min., by the direct infusion inlet method. The source was electron spray ionization. Commercial thiophene was purified [9] and triethyloxonium tetrafluoroborate [10] 6 (1.320 g, 4.99 mmol) was added and the reaction allowed to stir cold for a further 20 min (bright yellow solution), and then at RT for 1 hr (dark red brown solution). The solvent was then removed, and a dark brown oil obtained. This product was dissolved in 30 mL of dichloromethane (DCM) and cooled to -40 °C. Et 3 OBF 4 in DCM (0.2454 g/mL, 5 mL, 6.46 mmol) was added to the reaction mixture and allowed to stir for 30 min. The reaction was then allowed to stir at RT for 1 hr, yielding a dark red-brown solution which was filtered through silica gel and rinsed off with DCM. A dark red-brown solid was obtained after solvent removal. The product was purified on silica gel with a hexane:DCM mixture (1:1).
[ 
Synthesis of complexes 1-6
The relevant monocarbene complex I-VI (3.00 mmol) and PPh 3 (0.945 g, 3.60 mmol) were dissolved in 30 ml of toluene (red solution). This mixture was left to reflux for 8 hours. The solvent was removed from the resulting dark brown solution to yield a dark brown residue.
The crude product was purified on a silica gel column, cooled to -10°C, using varying hexane:dichloromethane gradients. Unreacted monocarbene I-VI and two products were observed on TLC (thin layer chromatography). The two products were identified as the slightly less polar trans product, a yellow-brown colour, and the cis product, a red-brown colour. For 1-4, only the cis product was isolated after column chromatography, as the trans product isomerized or decomposed on the column. For complexes 5 and 6 [15] , both the isomers could be isolated and characterized. 
Crystallography
Data for 1-cis, 4-cis and 6-trans were collected at 150 K on a Bruker D8 Venture kappa geometry diffractometer, with duo Is sources, a Photon 100 CMOS detector and APEX II control software using Quazar multi-layer optics monochromated, Mo-Kα radiation by means of a combination of  and ω scans. Data reduction was performed using SAINT+ and the intensities were corrected for absorption using SADABS [16] . The structures were solved by intrinsic phasing using SHELXTS and refined by full-matrix least squares using SHELXTL and SHELXL-2013 [17] . In the structure refinement, all hydrogen atoms were added in calculated positions and treated as riding on the atom to which they are attached. All nonhydrogen atoms were refined with anisotropic displacement parameters, all isotropic displacement parameters for hydrogen atoms were calculated as X × Ueq of the atom to which they are attached, X = 1.5 for the methyl hydrogens and 1.2 for all other hydrogens.
Crystallographic data and refinement parameters are given in Table 1 
Computational chemistry
Density functional theory (DFT) calculations were carried out using the ADF (Amsterdam Density Functional) 2012 programme [19, 20, 21] with the GGA (Generalized Gradient Approximation) functional PW91 (Perdew-Wang, 1991) [22] . The TZP (triple  polarised)
basis set with a fine mesh for numerical integration, a spin-restricted formalism and full geometry optimization with tight convergence criteria, was used for minimum energy searches. Throughout, all calculations have been performed in the gas phase with no symmetry constraint (C 1 ) and all structures have been calculated as singlet states. The standard deviation from the average experimental value ( ) of n experimental values of  is calculated by
Results and Discussion
The structures of the triphenylphosphine-substituted Fischer carbene complexes of this study, 
Synthesis
The synthesis and purification of monophosphinated Fischer carbenes with various ligands and metals had been described in literature [25] [26] [27] [28] [29] [30] . of molybdenum, chromium and tungsten but no crystal structures were determined [25] . The cis-conformation of these complexes was based on IR-and NMR spectroscopic data.
The parent pentacarbonyl monocarbene complexes I-VI, [11] - [14] were prepared by deprotonation of the corresponding heteroaryl ring at low temperatures, metallation and finally alkylation with Et 3 OBF 4 . All six complexes were bright red and hence allowed the progress of the subsequent reactions to be followed easily by monitoring the colour change from red to yellow. Complexes 1-6 were synthesized by refluxing the monocarbene complex (I-VI) in toluene with an excess of PPh 3 for 8 hours. TLCs for the crude products of 1-6
showed a mixture of the cis and trans complexes was obtained in each case. A yellow-brown spot, belonging to the trans isomer, was seen slightly above a red-brown spot, which corresponded to the cis isomer. The cis isomer was generally obtained in tenfold excess to the trans isomer. Separation of the cis and trans monophosphine ethoxy carbene derivatives proved to be difficult. It was found that the trans complexes isomerize to the more stable cis complexes in solution, making it difficult to isolate a trans complex [31] . In fact, Cooke and
Fischer [6] found it impossible to separate the isomers from one another. The isomers were thus separated at -10°C on a silica gel column mostly by means of fraction collection, since separation of the bands were not readily observed. By this route it was possible to isolate 5-trans and 6-trans; the structure of 6-trans is the first solid state X-ray structure of a trans-[(CO) 4 (PPh 3 )-metal-carbene] to be reported.
Crystal Structures
Suitable crystals of 1-cis, 4-cis and 6-trans were obtained from DCM:Hexane (1:1) solutions and crystal structures determined with single-crystal X-ray diffraction analysis. The molecular structures of these complexes with the atom-numbering scheme are shown in Figure 1 - Figure 3 and compared to the structure of 6-cis [15] , CSD deposition number CCDC 955033]. Selected bond lengths and angles are given in Table 2 . ADPs are shown at the 50 % probability level. ADPs are shown at the 50 % probability level. ADPs are shown at the 50 % probability level.
The orientation of the furyl rings in both compounds 4-cis and 6-trans are such that the oxygen atom of the furyl ring is in an anti conformation relative to the oxygen atom of the ethoxy substituent. By contrast, the sulfur atom in the thienyl substituent in 1-cis is in a syn conformation. In 6-trans, the PPh 3 group occupies the position trans to the carbene, while in In comparing the M-P1 bond lengths of 6-cis and 6-trans; this bond is shorter for the trans complex. The carbene ligand is a weaker σ-donor, π-acceptor ligand than a carbonyl ligand and thus the bond in the trans complex will be shorter. This argument also holds true when comparing the W-C6 carbene bond lengths of the two tungsten complexes. Since phosphines are again weaker σ-donor, π-acceptor ligands than carbonyls, the trans complex has the shorter metal-carbene bond. [34] , which also exhibits an eclipsed conformation (95.6°). For 6-trans, the P-W-C carbene -O dihedral is -164(1)°.
Conformation of PPh 3 in cis-and trans-[(CO) 4 (PPh 3 )ML] complexes
The phenyl rings of the free PPh 3 molecule adopt a propeller-like C 3 -symmetrical conformation that are oriented in a clockwise or counter clockwise fashion, see Figure 4 [35].
In solution, fast inversion between the two helicities occur [36] , the barrier to inversion is low [37] , and the two conformations are equi-energetic. In free PPh 3 correlate reasonably well with the calculated value of -50 ± 10°, using molecular modelling calculations [37] . The observed distortion of molecular symmetry in the crystal state is considered consistent with packing effects [37, 38] .
When PPh 3 is coordinated to a metal, rotation along the M-P and P-Ph axes occurs to minimize both inter ring-ligand and inter ring-ring interactions. However, the preferred orientation of complex-bound PPh 3 in the solid state generally appears to be the same, as illustrated in Figure 6 . The orientation of PPh 3 relative to the ligands of the complex it is attached to, depends if the complex is tetrahedral, trigonal bipyramidal [37] , square planar
[39] or octahedral [40] . It was found that the minimum energy orientation of complex-bound about M-P bond). The phenyl rings are numbered A, B and C. The C and H on the phenyl rings will be referred to as ipso, ortho, meta and para (indicated on ring A). Crystal structures of PPh 3 -containing complexes generally exist as a racemic mixture consisting of units from each helicity in the same unit cell, therefore units with the clockwise orientation will mainly be presented and discussed in this section. Figure 7 and data of the available cis-[(CO) 4 (PPh 3 )M-carbene] complexes [41] is summarized in Table 3 .
The orientation of PPh 3 in cis-[(CO) 4 (PPh 3 )M-carbene] complexes is shown in
The interesting observation is that experimentally there seems to be no preference of the position of the cis ligand L relative to the typical PPh 3 orientation shown in the top left of Figure 7 . Furthermore, the orientation of the P-C i bonds, as expressed in terms of rotation around the M-P bond, , in all the complexes are very similar, see Table 3 (Table 3) and trans-[(CO) 4 (PPh 3 )ML]-complexes (Table   4 ). The same method described above for [(CO) 5 (PPh 3 )W], is used to determine the PES of 6-trans, presented in Figure 12 . Twelve minimum energy areas were obtained, representing only four restrained geometries or two pairs of enantiomers, the geometry of which is illustrated in Figure 13 .
The geometries differ due to two different orientations of the carbene ligand C(OEt)Fu. The orientation of the P-C i bonds and the phenyl rings in the four restrained geometries are similar to the expected orientation, only ring B is slightly more tilted than expected ( Figure 13 ). These restrained local minimum energy geometries were re-optimized without any constraints to find the real global minimum energy geometry. Only two unique global minimum energy conformations are obtained for 6-trans, one with the OEt group of the carbene ligand pointing downwards (dihedral angle P-W-C carbene -O = 177.9°) and the other with the OEt group of the carbene ligand pointing upwards (dihedral angle P-M-C carbene -O = -175.4°). The orientation of PPh 3 in the latter is very similar to the experimental structure, see Figure 14 . During the final geometry optimization phenyl ring B rotated until it is tilted towards ring A, as observed in the experimental structure, see the overlay in Figure 14 (d).
Although the reason for the difference in orientation of the phenyl rings in 6-trans from the typical experimentally observed orientation of PPh 3 in related structures is still unclear, DFT did not fail to calculate the real experimental structure. 
